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Palaeoproteomic investigation
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with abnormal deposition of dental
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Detailed investigation of extremely severe pathological conditions in ancient human skeletons

is important as it could shed light on the breadth of potential interactions between humans and
disease etiologies in the past. Here, we applied palaeoproteomics to investigate an ancient human
skeletal individual with severe oral pathology, focusing our research on bacterial pathogenic factors
and host defense response. This female skeleton, from the Okhotsk period (i.e., fifth to thirteenth
century) of Northern Japan, poses relevant amounts of abnormal dental calculus deposition and
exhibits oral dysfunction due to severe periodontal disease. A shotgun mass-spectrometry analysis
identified 81 human proteins and 15 bacterial proteins from the calculus of the subject. We identified
two pathogenic or bioinvasive proteins originating from two of the three “red complex” bacteria, the
core species associated with severe periodontal disease in modern humans, as well as two additional
bioinvasive proteins of periodontal-associated bacteria. Moreover, we discovered defense response
system-associated human proteins, although their proportion was mostly similar to those reported
in ancient and modern human individuals with lower calculus deposition. These results suggest that
the bacterial etiology was similar and the host defense response was not necessarily more intense in
ancient individuals with significant amounts of abnormal dental calculus deposition.

Ancient human skeletons sometimes show abnormal and extremely severe pathological conditions that could
be rarely observed in modern human populations!?. These extreme cases emphasize both human resilience and
vulnerability to disease in the absence of modern healthcare interventions®*. Humans and pathogens coevolved
and various ancient pathogens are not equivalent to their contemporary descendants®®. Ancient severe patho-
logical conditions that cannot be seen today could have existed due to the lack of modern medical interventions
or different bacterial etiologies. Detailed investigation of these extreme cases would be important as they shed
light on the breadth of potential interactions between humans and diseases, and reveal differences between past
disease etiologies and present-day pathogens.

In this study, we used palaecoproteomics to investigate the etiology of and host resilience to periodontal disease
in an ancient human skeleton showing abnormal deposition of dental calculus with severe periodontal disease.
Dental calculus is a calcified oral plaque that promotes periodontal disease’ and is habitually removed in mod-
ern dental care. In contrast, abnormal depositions of dental calculus, where a large calculus deposition entirely
covers the occlusal surface of at least one tooth, could be occasionally observed in ancient human skeletons.
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Such examples include a late Saxon skeleton from Nottinghamshire, UK?, a skeletal individual from eighth to
tenth centuries Clarensac cemetery from Nimes, France’, and the subject of this study, an Okhotsk skeleton
from Hokkaido, Japan'® (Supplementary Text S1). Dental calculus entraps and preserves microparticles, DNA,
and proteins originating from the environment, host, microbiome, and diet. Therefore, dental calculus provides
molecular clues to help understand the lifeways of the host, pathological conditions, and disease etiology in the
past!"!2. Analyzing abnormally deposited dental calculus can further reveal the pathogenic cause of oral pathol-
ogy and the defense response of the host.

Palaeoproteomics of dental calculus, applied in this study, is an effective method for investigating both the
etiology of and host responses to ancient periodontal disease!*-'°. Proteins are functional agent, and their expres-
sion differs in response to pathological conditions. These pieces of evidence, revealing information on functional
oral pathologic processes, could not be obtained solely by DNA analysis, which could only reveal the presence of
certain taxa in analyzed specimens. The paleoproteomic analytic potential of dental calculus for studying health
and diseases in the past has not been fully exploited (however, see references'*~'¢) despite successful applications
in studies aiming at dietary reconstruction'’-%%.

By applying palaeoproteomics to abnormally deposited dental calculus from a skeletal individual with severe
periodontal disease, we aimed at answering (i) whether the pathogenic factors associated with the severe peri-
odontal disease in this individual differed from modern and ancient human individuals with lower calculus
deposition, and (ii) to what extent the extreme oral pathological conditions caused pathological stress to the host.

The subject individual, HM2-HA-3

HM2-HA-3 is a female skeleton, aged 34-54 years at death, excavated in 1992 from the Hamanaka 2 site (Fig. 1)
on Rebun Island, Hokkaido, Japan?. The most notable feature of this individual is the abnormal deposition
of large amounts of dental calculus (Fig. 1 '°). The morphological characteristics of this individual have been
previously described in detail’. Briefly, most skeletal elements of HM2-HA-3 were missing; only a part of the
cranium, an upper limb, and trunk bones were present, though the mandible and maxilla, including erupted teeth
were well-preserved. Heavy deposits of dental calculus were present, especially on the right side of the dentition.
These calculus deposits are predominantly located above the cementoenamel junction, a feature of supragingival
calculus. These deposits were primarily found on the right upper second and third molars (Fig. 1). The occlusal
surfaces of these molars are completely covered by calculus deposits and present a non-smooth surface.

HM2-HA-3 also exhibits extreme oral pathological conditions. Caries are not present in any of the remaining
teeth but HM2-HA-3 presents apical lesions with cementum hyperplasia, rounded cavities in the root apex, and
severe periodontal disease including resorption of the alveolar process'’. Periodontitis-related horizontal alveolar
bone resorption was prominent in HM2-HA-3, and the mandibular right molars had been completely lost with
severe resorption of the crest. This individual would likely have suffered from the periodontal disease since the
relatively early stages of her life, when the right side of her jaws would have become almost completely unusable
for masticatory function'. As a result, HM2-HA-3 showed severe tooth wear on her left teeth, which were not
covered by calculus. Furthermore, alveolar bone resorption at the root branch was observed on the upper right
side, suggesting the presence of endodontic-periodontal disease. Abnormal calculus deposition would have
facilitated periodontal tissue collapse in the same region. Taken together, these conditions show that normal
masticatory function would have been impaired in this individual.

HM?2-HA-3 was found in an archaeological site belonging to the Okhotsk culture. The Okhotsk culture was
distributed along southern Sakhalin Island, the northeastern coast of Hokkaido, and the Kuril Islands during
the fifth to thirteenth centuries**. The Okhotsk people predominantly subsisted on fishing, and it is estimated
that marine foods comprised more than 80% of their dietary protein intake?*?¢. Although a few crop remains
have been excavated from Okhotsk sites?, it is believed that plant horticulture was not practiced in the Okhotsk
culture?®. Because of their low carbohydrate intake, the caries rate of Okhotsk people was remarkably lower than
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Figure 1. (a) Map of Rebun Island. The map was drawn with the packages ggplot2 (version 3.4.0) and
rnaturalearth (version 0.3.2) on version 4.2.2 of R. (b) Right buccal aspect of the HM2-HA-3 maxilla and
mandible. A red arrow indicates the sampled calculus (i.e., from the lower right permanent first incisor).
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in Jomon hunter-gatherers®. Physical anthropological measures of oral health, such as the frequency of linear
enamel hypoplasia, in the Okhotsk people were generally better than in the Jomon hunter-gatherers of mainland
Japan®. Even though, no other Okhotsk human skeletons show such an abnormal calculus deposition seen in
HM2-HA-3'. The archaeological and anthropological contexts of the Okhotsk culture are summarized in the
Supplementary Text S2.

Results

Chronological age and diet

Elemental and isotopic results of the rib bone collagen sample from HM2-HA-3 are shown in Table 1. Bone col-
lagen extracted from the rib of HM2-HA-3 showed acceptable %C (44.5%), %N (16.4%), and C/N ratio (3.17)%3!,
suggesting good molecular preservation of this individual.

The calibrated radiocarbon age of HM2-HA-3 was 485-760 cal AD with 95.4% posterior probability and
565-678 cal AD with 68.3% posterior probability. Considering the chronology of the Hamanaka 2 site®, this age
falls in the earlier Okhotsk period. The §"*C and 8N values of bone collagen from HM2-HA-3, which mostly
represent protein dietary components assimilated during ~10 years before death®***, were -13.0%o and 19.3%o,
respectively. These isotope ratios are shown in Fig. 2 along with the previously reported values from other human
skeletons excavated at the Hamanaka 2 site*>*® and faunal bones excavated from another Okhotsk site (Moyoro
site?). These comparisons showed that most dietary proteins of HM2-HA-3 were obtained from marine foods
and there were no apparent differences in dietary food sources between HM2-HA-3 and other Okhotsk individu-
als excavated from the Hamanaka 2 site (Fig. 2).

ID sex |Age(y) |Element |%C |%N |8°C |8"N |C/N |!Cage(BP) | Reference

1480 M 40-50 Skull 439 |15.1 |-13.2 |19.0 34 - Naito et al., 2010%
1496 F 30-40 Skull 43.8 | 157 |-129 |18.6 33 - Naito et al., 2010%
NAT002 F 40-49 - 41.8 | 150 |-129 |193 3.2 - Okamoto et al., 2016*
HM2-HA-3 F 35-54 Rib 445 | 164 |-13.0 |193 32 1777 +37 This study

Table 1. Results of stable isotope analysis and radiocarbon measurement. Previously reported data from
other skeletal individuals from the Hamanaka 2 site are also shown.
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Figure 2. Carbon and nitrogen stable isotopic results of faunal and human bone collagen.
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Dental calculus proteome

We identified a total of 96 protein groups from the dental calculus of HM2-HA-3, excluding keratins and com-
mon laboratory contaminants. Of these, 81 and 15 protein groups originated from humans (Table 2) and bac-
teria (Table 3), respectively. The calculus displayed a high (i.e., 92.1%) OSSD score, suggesting good protein
preservation®. The peptide deamidation rates, the approximate proxy for ancient protein authenticity**?, derived
from the four fractions ranging between 38.7-54.8% and 30.7-37.7% for asparagine and glutamine in human
proteins, respectively (Supplementary Table S1). As the deamidation rate of modern proteins is typically below
20%, the human proteins identified in the dental calculus of HM2-HA-3 would originate from ancient times"*. In
contrast, bacterial proteins showed lower asparagine and glutamine deamidation rates (4.9-23.2% and 4.2-24.0%,
respectively) (Supplementary Table S1). The number of asparagine and glutamine residues in the identified
bacterial proteins was below 8, the precise deamidation rates could thus not be calculated.

The identified human proteins were classified with GO term using the PANTHER software®®. Among the
assigned protein class, 13.9% represented the “defense/immunity” Among the proteins categorized in this class,
peptidoglycan recognition protein 1 was one of the innate immune system proteins and functions to directly
kill bacteria by recognizing and cleaving peptidoglycans on the bacterial wall*. Neutrophil elastase is among
the antimicrobial peptides abundant in the saliva and gingival crevicular fluid in the oral cavity and is involved
in local defense mechanisms*.

We identified a total of 15 proteins from 13 bacterial taxa from the calculus. Eight of these originated from six
bacterial taxa that are reportedly associated with periodontal disease in modern patients (Table 3). We identified
two of the three “red complex” bacteria, the most notable core bacterial species in the severe form of periodontal
disease (Porphyromonas gingivalis and Treponema denticola). In addition, among the identified bacterial taxa,
Selenomonas sputigena and Fretibacterium fastidiosum are reportedly associated with severe periodontal disease
in modern humans*"*, while Actinomyces dentalis and Actinomyces israelii were identified in patients with severe
periodontal disease**. Pathogenic factors of P. gingivalis, a proteolytic enzyme of Lys-gingipain W83 and Mfal
were identified in the calculus with well-annotated MS2 spectra (Supplementary Figure $2)*. Moreover, patho-
logically invasive proteins, such as T. denticola flagellar filament 33-kDa core protein, E. fastidiosum flagellin, and
S. sputigena flagellar filament 33-kDa core protein, were also identified with well-annotated MS2 spectra (Sup-
plementary Figure S2). These flagellar proteins are associated with bacterial motility and could initiate immune
responses by interacting with toll-like receptor 5 in the host*~*%. We could not identify any bacterial taxa and
dental caries-associated proteins. Our BLAST search indicated that the peptide sequences of these periodontal
disease-associated bacterial proteins only occur in certain bacterial genera (Supplementary Table S2).

We compared the protein groups or bacterial taxa identified in the dental calculus of HM2-HA-3 with those
identified in a previous palaeoproteomic analysis of ancient human dental calculus from medieval Dalheim, Ger-
many as well as those of modern European patients with periodontitis and dental caries'®. As presented in Fig. 3,
49.4% (40/81) of the human proteins and 69.2% (9/15) of the bacterial taxa identified in HM2-HA-3 calculus
were also identified either in Dalheim or modern calculus®. with the common bacterial taxa being P. gingivalis,
A. israelii, Actinomyces sp. HMT 414, and Corynebacterium matruchotii. Bacterial species unique to HM2-HA-3
included S. sputigena, Actinomyces sp. HMT 169, Selenomonas sp. HMT 892, and Campylobacter gracilis®.

The “defense/immunity” protein class proportion calculated by PANTHER was similar between the Dalheim
(10.4%) and HM2-HA-3 (13.9%) calculi while that in modern calculus was higher (20.8%). The proportion of
“immune system’-assigned biological processes calculated by PANTHER was lower in HM2-HA-3 (6.9%) than
in Dalheim (8.1%) and modern (10.8%) dental calculi.

Finally, we performed a proteomic analysis of a rib bone sample of HM2-HA-3 to investigate the potential
presence of systematic diseases. We identified a total of 59 human proteins, most of them being bone proteins
(Supplementary Table S3). We could not identify any systematic disease-associated protein.

Discussion

The palaeoproteomic analysis of abnormally deposited dental calculus conducted here provided molecular
insights into the pathological conditions of the oral cavity of HM2-HA-3. We identified both pathogenic factors
and bioinvasive proteins (i.e., Lys-gingipain W83, Mfal, flagellin, and flagellar filament 33-kDa) from bacterial
taxa reportedly associated with periodontal disease in modern patients. The identification of these proteins
provides molecular support for the periodontal disease of this individual originally diagnosed based solely
on physical characteristics. These bacterial proteins are associated with periodontal disease pathogenesis and
development as well as with the secretion of inflammatory cytokines*>~#%*,

Of the 13 bacterial taxa identified from the calculus of HM2-HA-3, seven (53.8%) are reportedly associated
with periodontal disease in modern clinical medicine (Table 3), in particular, two of the three red complex bac-
terial taxa. Proteins from the red complex bacteria have frequently been identified in both modern and ancient
human dental calculus samples'*!>*%2 In this study, the pathogenic protein of P. gingivalis and bioinvasive pro-
tein of T. denticola were confidently identified*, providing direct evidence of red complex bacterial involvement
in periodontal disease etiology. Although the involvement of the remaining seven bacterial taxa in the etiology of
periodontal disease remains unclear, our results confidently indicate that periodontal disease bacterial etiology
in HM2-HA-3 was similar to that in modern patients.

The presence of various host defense response proteins suggests that HM2-HA-3 was subjected to patho-
logical stress and the resulting inflammation, at least during dental calculus deposition. However, the identified
host defense proteins were nonspecific (e.g., lactotransferrin, immunoglobulin kappa constant, and prolactin-
inducible protein) and mostly similar to those identified in other ancient individuals with significantly lower
calculus deposition (Supplementary Fig. $3)'*. Moreover, our PANTHER analysis revealed that the “immune
system process” comprised 6.9% of the total processes assigned to the identified host proteins in the HM2-HA-3
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N. of razor + unique peptides
Protein ID Protein name Genename | Total | SP3-S | UF-S | SP3-P | UF-P | Sequence coverage (%) | Score
E7EQB2 Lactotransferrin (fragment) LTF 22 12 11 16 13 40.7 323.31
P01024 Complement C3 C3 21 11 11 15 11 17.2 323.31
P05164-2 Isoform H14 of myeloperoxidase MPO 20 8 9 16 11 39.8 202.58
P01023 Alpha-2-macroglobulin A2M 16 10 8 8 6 16.1 129.04
A0A024R617 Alpha-1-antitrypsin SERPINA1 14 7 9 6 7 44.3 287.77
P30740 Leukocyte elastase inhibitor SERPINB1 14 6 8 3 5 44.9
P12273 Prolactin-inducible protein PIP 10 6 8 6 9 733 323.31
P01008 Antithrombin-IIT SERPINC1 10 5 7 6 6 35.1 65.43
P01871 Immunoglobulin heavy constant mu IGHM 9 1 3 2 8 283 23.09
P05109 Protein 5100-A8 S100A8 9 7 6 5 6 81.7
P06702 Protein S100-A9 S100A9 9 6 7 7 8 60.5 323.31
Q6P5S2 Protein LEG1 homolog LEG1 8 6 6 5 8 4.7
P00450 Ceruloplasmin Cp 7 2 5 3 4 9.0 39.11
P01036 Cystatin-S CST4 6 3 3 3 1 53.2 9.91
P68871 Hemoglobin subunit beta HBB 6 3 4 3 6 53.7
J3QLCY Haptoglobin (fragment) HP 6 2 2 3 4 19.2
P01011 Alpha-1-antichymotrypsin SERPINA3 |6 4 4 3 3 20.3 323.31
AO0A8VSTL71 Actinin alpha 4 ACTN4 5 1 3 2 1 7.4 80.754
PODUB6 Alpha-amylase 1A AMY1A 5 1 1 3 4 11.7 2.7398
P07237 Protein disulfide-isomerase P4HB 5 0 4 1 0 11
P01833 Polymeric immunoglobulin receptor PIGR 5 3 1 2 3 10.3 9.1261
A0A7P0Z497 Peptidyl-prolyl cis-trans isomerase PPIB 5 3 2 1 1 271 8.4126
P29508-2 Isoform 2 of Serpin B3 SERPINB3 5 5 4 1 3 22.2 266.53
AO0A0C4DGN4 Zymogen granule protein 16B ZG16B 5 5 3 4 3 37.2
P25311 Zinc-alpha-2-glycoprotein AZGP1 4 2 3 3 2 19.1 4.6576
Q8N4F0 BPI fold-containing family B member 2 BPIFB2 4 2 1 3 1 133
P08246 Neutrophil elastase ELANE 4 0 2 2 3 31.1 23.103
AO0A286YEY1 Immunoglobulin heavy constant alpha 1 (fragment) IGHA1 4 1 3 2 4 16.3 68.605
P01877 Immunoglobulin heavy constant alpha 2 IGHA2 4 3 1 2 2 21.8
P01591 Immunoglobulin J chain JCHAIN 4 1 4 1 1 27.7
P61626 Lysozyme C LYz 4 4 3 3 2 41.2 38.618
Q9HDS89 Resistin RETN 4 1 3 2 4 51.9 323.31
Q09666 Neuroblast differentiation-associated protein AHNAK AHNAK 3 0 1 0 2 1.3 0.38438
A0A590UJZ9 Deleted in malignant brain tumors 1 protein DMBT1 3 1 1 3 2 8.2 78.756
P31025 Lipocalin-1 LCN1 3 2 3 1 0 14.2 2.7264
AOA8VS8TKRY Moesin MSN 3 1 0 2 0 5.7 0.34829
Q14686 Nuclear receptor coactivator 6 NCOA6 3 2 0 0 1 1.5 0.16146
P12724 Eosinophil cationic protein RNASE3 3 1 0 3 2 25
A0A494C0J7 Transglutaminase-like domain-containing protein - 3 2 0 1 1 5.3 77.907
AO0A2R8YH90 Tropomyosin 4 TPM4 3 2 2 1 0 10.9 2.2422
AOAOAOMTS7 Titin TTN 3 1 1 0 1 0.1 0.79787
Q9HCE9 Anoctamin-8 ANO8 2 1 1 1 1 1.9 0.35178
P04083 Annexin Al ANXA1 2 1 2 0 0 6.9 2.0362
P02743 Serum amyloid P-component APCS 2 0 0 0 2 9.4 0.46515
P20160 Azurocidin AZU1 2 1 1 1 2 9.2 7.0993
AOA8VSTLP6 Complement C4A (Rodgers blood group) C4A 2 1 0 1 2 2 14.849
A5YKK6-4 Isoform 4 of CCR4-NOT transcription complex subunit 1 CNOT1 2 1 1 1 0 1.7 1.6788
K7ESB6 Casein kinase 1 gamma 2 (fragment) CSNK1G2 2 (1] 0 1 1 12.7 1.1282
P59666 Neutrophil defensin 3 DEFA3 2 1 0 1 1 19.1 46.255
Q8TB45 DEP domain-containing mTOR-interacting protein DEPTOR 2 0 2 0 0 6.4 0.183
Q96M86 Dynein heavy chain domain-containing protein 1 DNHD1 2 1 1 0 0 0.6 0.46915
CoIYU7 i\ndiﬁt)ic deacetylase associated SANT domain protein (frag- MIDEAS 5 0 0 0 2 431 0.32619
E7EUT5 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 2 0 0 1 1 10.8 2.864
Q92820 Gamma-glutamyl hydrolase GGH 2 1 1 1 0 8.5 1.4863
P62805 Histone H4 H4Cl16 2 1 0 1 0 17.5 0.019644
Continued
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N. of razor + unique peptides
Protein ID Protein name Genename | Total | SP3-S | UF-S |SP3-P | UF-P | Sequence coverage (%) | Score
AOA0G2JIW1 Heat shock 70 kDa protein 1B HSPA1B 2 0 1 0 1 4.8 0.55721
AOA7POTAIO 78 kDa glucose-regulated protein HSPA5 2 1 0 1 1 4.2 0.66496
P01834 Immunoglobulin kappa constant IGKC 2 2 2 2 1 31.8 30.836
PODOY3 Immunoglobulin lambda constant 3 IGLC3 2 0 1 1 1 33 9.558
A0A3B3IU98 IQ motif and Sec7 domain ArfGEF 1 (fragment) IQSEC1 2 1 0 0 2 32 1.2623
P06870-2 Isoform 2 of Kallikrein-1 KLK1 2 2 2 0 1 12.5 2.8386
P13796 Plastin-2 LCP1 2 1 1 0 0 3.2 0.11803
Q8IWC1-4 Isoform 4 of MAP7 domain-containing protein 3 MAP7D3 2 0 1 1 0 3.7 0.38741
P98088 Mucin-5AC MUCS5AC 2 0 2 0 0 0.3 0.06592
QIUKX3 Myosin-13 MYH13 2 0 0 0 2 23 0.24148
Q77406-5 Isoform 5 of Myosin-14 MYH14 2 0 1 1 1 1.6 1.6056
AOAOAOMRM2 | Nebulin related anchoring protein NRAP 2 0 0 1 1 1.4 0.26403
Q7722Y5-2 Isoform 2 of Nik-related protein kinase NRK 2 0 0 2 0 1.9 0.16886
Q13310-3 Isoform 3 of Polyadenylate-binding protein 4 PABPC4 2 0 0 0 2 5 0.41886
075594 Peptidoglycan recognition protein 1 PGLYRP1 2 1 2 1 2 19.9 17.412
P24158 Myeloblastin PRTN3 2 1 0 1 1 8.2 0.45503
AO0A7I2V2H3 Proteasome subunit alpha type - 2 0 0 2 0 15.4 3.0049
P28065 Proteasome subunit beta type-9 PSMB9 2 0 0 1 2 11.4 1.1251
Q5VT52-2 i‘f:’;‘;ﬁg";;gi‘;fg"n of nuclear pre-mRNA domain- RPRD2 2 0 0 1 1 1.8 0.30317
P25815 Protein S100-P S100P 2 1 2 1 2 30.5 25.995
F8W0QO0 Sodium voltage-gated channel alpha subunit 8 (fragment) SCNSA 2 0 2 0 0 3.1 0.26391
P48595 Serpin B10 SERPINB10 |2 0 1 0 1 5 0.88109
A0A087WUD9 Serpin family G member 1 SERPING1 |2 2 1 0 0 6.2 0.53009
P02814 Submaxillary gland androgen-regulated protein 3B SMR3B 2 1 1 1 1 65.8 2.6144
P50552 Vasodilator-stimulated phosphoprotein VASP 2 0 2 0 1 6.6 1.8437
Q6N043-2 Isoform 2 of zinc finger protein 280D ZNF280D 2 0 1 0 1 3.6 0.059397

Table 2. Human protein groups identified in the dental calculus of HM2-HA-3.

dental calculus (Fig. 4). This proportion is rather lower compared to those in the calculus samples from medi-
eval Dalheim (8.1%) and modern patients suffering from moderate to moderate/severe periodontal disease
(10.7%)"3. Furthermore, the proportion of the “defense/immunity protein” class was also lower in the calculus
of HM2-HA-3 (13.9%) than that in the modern dental calculus (20.8%) and was somewhat higher than that
in the calculus sample of medieval Dalheim (10.4%)". These results imply that host defense response to oral
pathological stress was not necessarily higher in HM2-HA-3, who exhibited significant amounts of calculus
deposits and severe masticatory dysfunction, relative to modern periodontitis patients and medieval individuals
with lower calculus deposition.

Although palaeoproteomics provides molecular evidence on the bacterial etiology of and host defense
response to periodontal disease, the cause of the abnormal calculus deposition in HM2-HA-3 remains unclear.
Diet is often cited as a cause for calculus deposition®, but this cause is unlikely for HM2-HA-3. Stable isotope
analysis showed that HM2-HA-3 had a similar diet to other individuals from the Hamanaka 2 site and other
individuals from Hamanaka 2 site displayed little or no calculus deposition (Fig. 2). Abnormally high amounts
of calculus deposition could occasionally be seen in modern patients, but the underlying cause is unidentifiable
in most cases®°. At least, this individual would not have a routine tooth cleaning habit during the period of
calculus deposition. Furthermore, as the HM2-HA-3 bone proteome did not contain disease-indicative proteins,
calculus deposition unlikely occurred as a systemic disease byproduct.

HM2-HA-3 is the first individual among the ancient human skeletons from Asia with a bacterial proteome
studied in detail. Therefore, in this study, we used for comparison of previously published proteome results on
calculi from individuals in Europe'?. Almost all published bacterial proteomes of modern and ancient dental
calculus originate from Europe'>'. As the regional differences in the human oral bacterial composition have
been suggested®’, accumulating data on dental calculus bacterial proteome outside Europe would be required.

Materials and methods
Detailed procedures regarding sample collection and analyses are described in the Supplementary Materials and
Methods. A brief summary is shown below.

Sampling
Dental calculus was collected from the lower right first incisor of HM2-HA-3 (Supplementary Figure S1), with
the method described previously®®. Given the small variability in bacterial composition in calculus obtained
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N. of razor + unique peptides < o
Protein ID Protein name Taxonomy Strain Periodontal | Total | SP3-S | UF-S | SP3-P | UF-P co;erage (%) Score Note
Inosamine-
SEQF2705_00640 | Phosphate | Actinomyces DSM 43320 Yes 8 2 1 2 7 32.0 36.74
amidinotrans- | israelii
ferase 1
Actinomyces sp.
SEQF3180_02237 | Enolase HMT 169 F0496 7 1 2 3 7 22.0 68.84
Flagellar Selenomonas
SEQF1598_00449 | filament 33 kDa . ATCC 35185 Yes 3 1 0 0 3 10.8 12.62
N sputigena
core protein
SEQF1674_00209 | Flagellin Eretibacterium | gop, Yes 3 0 0 2 1 55 12.82
fastidiosum
Corynebacte- calcifvin
SEQF1013_00339 | Enolase rium matru- ATCC 14266 2 0 1 0 1 9.9 11.596 b Y &
chotii acterium
Meajor outer Cardiobacte-
SEQF1604_01614 | membrane . L. ATCC 15826 2 0 0 2 0 8.8 26.671
. rium hominis
protein PIB
Flagellar Selenomonas s
SEQF2454_00889 | filament 31 kDa P F0426 2 0 0 2 0 9.8 8.7738
. HMT 892
core protein
Inosamine-
phosphate Actinomyces sp.
SEQF3095_01402 amidinotrans- HMT 171 F0337 2 0 0 1 2 16.8 14.42
ferase 1
18 kDa heat Actinomyces sp.
SEQF2745_00190 shock protein HMT 414 F0588 2 0 1 0 1 23.8 8.886
Fumarate reduc- Campylobacter
SEQF2434_01156 | tase flavoprotein P}’ RM3268 2 1 0 0 1 52 9.5569
. gracilis
subunit
Flagellar Treponema
SEQF1871_01017 | filament 33 kDa denticola US-Trep/F0459 | Yes 2 0 0 0 2 16.8 8.9183
core protein
SEQF3226_0173g | Minor fimbrium | Porphyromonas | , ppop, Yes 2 2 1 0 1 7 9.9852
subunit Mfal gingivalis
Fimbrial subunit | Actinomyces sp.
SEQF2745_00395 type 1 HMT 414 F0588 2 0 1 0 2 6 58.435
SEQEF2743_01115 | Lys-gingipain | Porphyromonas | v, 5, Yes 2 0 1 1 0 39 35.543
w83 gingivalis
1,4-alpha-glucan Actinomyces
SEQF3145_00537 | branching X R5292 Yes 2 0 0 1 1 4.9 9.6191
oricola
enzyme GlgB

Table 3. Oral bacterial protein groups identified in the dental calculus of HM2-HA-3.

Modern

a Modern b

H Dalheim

HM2-HA-3

Dalheim
HM2-HA-3

Figure 3. Venn diagrams of (a) human proteins and (b) bacterial taxa identified in the ancient dental calculus
of HM2-HA-3 (this study) as well as in the dental calculus samples from medieval Dalheim and modern
patients!?.

from different oral positions within an individual®, we assume that this sample had a representative bacterial

composition as would be obtained from the abnormally deposited calculus present on the molars (Fig. 1). Rib
bones were also sampled for palaeoproteomic and isotope analyses.

Proteomics
Protein extraction from 15 mg of dental calculus was performed using modified ultrafiltration and single-pot
solid-phase-enhanced sample preparation (SP3) methods for ancient protein analysis®>®!. Protein extraction
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Figure 4. Results of PANTHER (a) biological process and (b) protein class analysis of protein groups identified
in the dental calculus of HM2-HA-3 (this study) as well as in the dental calculus samples from medieval
Dalheim and modern patients'.

from 20 mg rib bone was performed using modified ultrafiltration method®. Following the guidelines for
palaeoproteomics'®, the entire extraction process was carried out in a clean laboratory dedicated to ancient
biomolecules built at the Graduate University for Advanced Studies, Japan. We obtained four fractions of the
calculus sample (i.e., supernatant and pellet fractions from each of the ultrafiltration and SP3 methods) and two
fractions (i.e., supernatant and pellet) of the bone sample along with experimental blanks.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of dental calculus was performed
using an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) at Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) with the conditions described in Nunoura et al.®>. LC-MS/MS analysis of
rib bone was performed using an Orbitrap QE Plus mass spectrometer (Thermo Fisher Scientific) at Kanazawa
University with the conditions described in Ogura et al.. RAW data files generated by LC-MS/MS were analyzed
using the MaxQuant software version 2.0.1.0%. Data of calculus were searched against the Oral Signature Screen-
ing Database (OSSD?) for the first quality-assurance step and the electric Human Oral Microbiome Database
(eHOMD®) or entire human proteome (as of 2023-03-02) for the second protein identification step. Data of
bone were searched against the entire human proteome. Because no food proteins were identified from dental
calculus in a MaxQuant search against an entire Swiss-Prot database (as of 2021-08-20), we did not investigate
food proteins. Comparative datasets were analyzed anew in the same manner'2.
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Gene Ontology (GO) analysis of the human-derived proteins identified from the dental calculus of HM2-
HA-3 was performed using PANTHER, version 14%. Python script reported by Mackie et al.'* was used to
calculate asparagine and glutamine deamidation rates. All subsequent data analyses were performed using R,
version 4.2.2 (R Core Team, 2022).

Radiocarbon dating and stable isotope analysis
Collagen was extracted from a rib bone of HM2-HA-3 to conduct radiocarbon measurement and carbon and
nitrogen stable isotope analysis, based on the method described previously®’. Carbon and nitrogen stable isotopes
were measured using elemental analyzer-isotope ratio mass spectrometry (EA-IRMS) at the University Museum,
the University of Tokyo (UMUT).

Radiocarbon concentrations were measured using accelerator mass spectrometry (AMS) at UMUT. Radio-
carbon age was calibrated against atmospheric and marine calibration curves (IntCal20 and Marine20%%%) and
with the local marine reservoir effect’® using OxCal, version 4.47".

Data availability
LC-MS/MS data have been uploaded to PRIDE repository”* with the dataset identifier PXD044070.

Received: 3 August 2023; Accepted: 27 February 2024
Published online: 11 March 2024

References

1. Kilgore, L., Jurmain, R. & Van Gerven, D. Palacoepidemiological patterns of trauma in a medieval Nubian skeletal population.
Int. J. Osteoarchaeol. 7, 103-114 (1997).

2. Betsinger, T. K. & Smith, M. O. A singular case of advanced caries sicca in a pre-Columbian skull from East Tennessee. Int. J.
Paleopathol. 24, 245-251 (2019).

3. Tilley, L. & Oxenham, M. F. Survival against the odds: Modeling the social implications of care provision to seriously disabled
individuals. Int. J. Paleopathol. 1, 35-42 (2011).

4. Milella, M., Zollikofer, C. P. E. & Ponce de Leén, M. S. Virtual reconstruction and geometric morphometrics as tools for paleopa-
thology: A new approach to study rare developmental disorders of the skeleton. Anat. Rec. 298, 335-345 (2015).

5. Majander, K. et al. Ancient bacterial genomes reveal a high diversity of Treponema pallidum strains in early modern Europe. Curr.
Biol. 30, 3788-3803.e10 (2020).

6. Andrades Valtuenia, A. et al. Stone age Yersinia pestis genomes shed light on the early evolution, diversity, and ecology of plague.
Proc. Natl. Acad. Sci. USA 119, 2116722119 (2022).

7. Akcali, A. & Lang, N. P. Dental calculus: The calcified biofilm and its role in disease development. Periodontology 2000(76), 109-115
(2018).

8. Brothwell, D. R. Digging Up Bones: The Excavation, Treatment, and Study of Human Skeletal Remains (Cornell University Press,
1981).

9. Gleize, Y., Castex, D., Chapoulie, R. & Duday, H. Analyse préliminaire et discussion sur la nature d'un dépot dentaire tres particulier.
Bull. Mem. Soc. Anthropol. Paris 17, 5-12 (2005) ((in French)).

10. Hanihara, T,, Ishida, H., Ohshima, N., Kondo, O. & Masuda, T. Dental calculus and other dental disease in a human skeleton of
the Okhotsk Culture unearthed at Hamanaka-2 site, Rebun-Island, Hokkaido, Japan. Int. J. Osteoarchaeol. 4, 343-351 (1994).

11. Wright, S. L., Dobney, K. & Weyrich, L. S. Advancing and refining archaeological dental calculus research using multiomic frame-
works. STAR Sci. Technol. Archaeol. Res. 7, 13-30 (2021).

12. Radini, A. & Nikita, E. Beyond dirty teeth: Integrating dental calculus studies with osteoarchaeological parameters. Q. Int. 653-654,
3-18 (2022).

13. Warinner, C. et al. Pathogens and host immunity in the ancient human oral cavity. Nat. Genet. 46, 336-344 (2014).

14. Mackie, M. et al. Palaeoproteomic profiling of conservation layers on a 14th century Italian wall painting. Angew. Chem. Int. Ed
Engl. 57, 7369-7374 (2018).

15. Jersie-Christensen, R. R. et al. Quantitative metaproteomics of medieval dental calculus reveals individual oral health status. Nat.
Commun. 9, 4744 (2018).

16. Fotakis, A. K. et al. Multi-omic detection of Mycobacterium leprae in archaeological human dental calculus. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 375, 20190584 (2020).

17. Warinner, C. et al. Direct evidence of milk consumption from ancient human dental calculus. Sci. Rep. 4, 7104 (2014).

18. Hendy, J. et al. A guide to ancient protein studies. Nat. Ecol. Evolut. 2, 791-799 (2018).

19. Jeong, C. et al. Bronze Age population dynamics and the rise of dairy pastoralism on the eastern Eurasian steppe. Proc. Natl. Acad.
Sci. USA 115, E11248-E11255 (2018).

20. Wilkin, S. et al. Dairying enabled early bronze age Yamnaya steppe expansions. Nature 598, 629-633 (2021).

21. Scorrano, G. et al. Genomic ancestry, diet and microbiomes of Upper Palaeolithic hunter-gatherers from San Teodoro cave. Com-
mun. Biol. 5, 1262 (2022).

22. Tang, L. et al. Paleoproteomic evidence reveals dairying supported prehistoric occupation of the highland Tibetan Plateau. Sci Adv
9, eadf0345 (2023).

23. Ishida, H., Haniwara, T. & Kondo, O. Human Remains from the Hamanaka 2 Site, Rebun Island. Rebunto Hamanaka 2 Iseki Shutsudo
No Jinkotsu (Daini/Yon Ji Chosa). Tsukuba Archaeological Studies/University of Tsukuba Prehistory and Archaeology Editorial
Board. 89-108 (2002) (in Japanese).

24. Hudson, M. J. The perverse realities of change: World system incorporation and the Okhotsk culture of Hokkaido. J. Anthropol.
Archaeol. 23,290-308 (2004).

25. Naito, Y. I. et al. Dietary reconstruction of the Okhotsk Culture of Hokkaido, Japan, based on nitrogen composition of amino acids:
Implications for correction of '“C marine reservoir effects on human bones. Radiocarbon 52, 671-681 (2010).

26. Tsutaya, T., Naito, Y. I, Ishida, H. & Yoneda, M. Carbon and nitrogen isotope analyses of human and dog diet in the Okhotsk
culture: Perspectives from the Moyoro site, Japan. Anthropol. Sci. 122, 89-99 (2014).

27. Leipe, C. et al. Barley (Hordeum vulgare) in the Okhotsk culture (5th-10th century AD) of northern Japan and the role of cultivated
plants in hunter-gatherer economies. PLoS One 12, e0174397 (2017).

28. Ohshima, N. [Historical trends in caries frequency in archaeological human bones from Hokkaido, Japan] Hokkaido no kojinkotsu
ni okeru ushokuhindo no jidaitekisuii. Anthropol. Sci. 104, 385-397 (1996) ((in Japanese)).

29. Oxenham, M. E & Matsumura, H. Oral and physiological paleohealth in cold adapted peoples: Northeast Asia, Hokkaido. Am. J.
Phys. Anthropol. 135, 64-74 (2008).

Scientific Reports |

(2024) 14:5938 | https://doi.org/10.1038/s41598-024-55779-y nature portfolio



www.nature.com/scientificreports/

. DeNiro, M. J. Postmortem preservation and alteration of in vivo bone collagen isotope ratios in relation to palaeodietary recon-
struction. Nature 317, 806-809 (1985).

31. van Klinken, G. J. Bone collagen quality indicators for palacodietary and radiocarbon measurements. J. Archaeol. Sci. 26, 687-695
(1999).

32. Junno, A. et al. Building a high-resolution chronology for northern Hokkaido—A case study of the Late Holocene Hamanaka 2
site on Rebun Island, Hokkaido (Japan). J. Archaeol. Sci. Rep. 36, 102867 (2021).

33. Howland, M. R. et al. Expression of the dietary isotope signal in the compound-specific ?13C values of pig bone lipids and amino
acids. Int. J. Osteoarchaeol. 13, 54-65 (2003).

34. Hedges, R. E. M, Clement, J. G., Thomas, C. D. L. & Oconnell, T. C. Collagen turnover in the adult femoral mid-shaft: Modeled
from anthropogenic radiocarbon tracer measurements. Am. J. Phys. Anthropol. 133, 808-816 (2007).

35. Okamoto, Y. et al. An Okhotsk adult female human skeleton (11th/12th century AD) with possible SAPHO syndrome from
Hamanaka 2 site, Rebun Island, northern Japan. Anthropol. Sci. 124, 107-115 (2016).

36. van Doorn, N. L., Wilson, J., Hollund, H., Soressi, M. & Collins, M. J. Site-specific deamidation of glutamine: A new marker of
bone collagen deterioration. Rapid Commun. Mass Spectrom. 26, 2319-2327 (2012).

37. Wilson, J., van Doorn, N. L. & Collins, M. J. Assessing the extent of bone degradation using glutamine deamidation in collagen.
Anal. Chem. 84, 9041-9048 (2012).

38. Mi, H., Muruganujan, A., Ebert, D., Huang, X. & Thomas, P. D. PANTHER version 14: More genomes, a new PANTHER GO-slim
and improvements in enrichment analysis tools. Nucleic Acids Res. 47, D419-D426 (2019).

39. Kashyap, D. R. et al. Peptidoglycan recognition proteins kill bacteria by inducing oxidative, thiol, and metal stress. PLoS Pathog.
10, 1004280 (2014).

40. Dolinska, E. et al. The effect of nonsurgical periodontal therapy on HNP1-3 level in gingival crevicular fluid of chronic periodontitis
patients. Arch. Immunol. Ther. Exp. 65, 355-361 (2017).

41. Oliveira, R. R. D. S. et al. Levels of candidate periodontal pathogens in subgingival biofilm. J. Dent. Res. 95, 711-718 (2016).

42. Curtis, M. A,, Diaz, P. I. & Van Dyke, T. E. The role of the microbiota in periodontal disease. Periodontology 2000(83), 14-25
(2020).

43. Vielkind, P, Jentsch, H., Eschrich, K., Rodloff, A. C. & Stingu, C.-S. Prevalence of Actinomyces spp. in patients with chronic peri-
odontitis. Int. J. Med. Microbiol. 305, 682-688 (2015).

44. Hasegawa, Y., Nagano, K. Porphyromonas gingivalis FimA and Mfal fimbriae: Current insights on localization, function, biogen-
esis, and genotype. Jpn Dent Sci Rev. 57, 190-200 (2021).

45. Hayashi, F. et al. The innate immune response to bacterial flagellin is mediated by Toll-like receptor 5. Nature 410, 1099-1103
(2001).

46. Mahanonda, R. & Pichyangkul, S. Toll-like receptors and their role in periodontal health and disease. Periodontology 2000(43),
41-55 (2007).

47. Kim, C. et al. Inmunotherapy targeting toll-like receptor 2 alleviates neurodegeneration in models of synucleinopathy by modulat-
ing a-synuclein transmission and neuroinflammation. Mol. Neurodegener. 13, 43 (2018).

48. Rath, C. B. et al. Flagellin glycoproteomics of the periodontitis associated pathogen Selenomonas sputigena reveals previously not
described O-glycans and rhamnose fragment rearrangement occurring on the glycopeptides. Mol. Cell. Proteom. 17, 721-736
(2018).

49. Tanner, A., Maiden, M. E, Macuch, P. J., Murray, L. L. & Kent, R. L. Jr. Microbiota of health, gingivitis, and initial periodontitis. J.
Clin. Periodontol. 25, 85-98 (1998).

50. Kopeckova, M., Pavkova, I. & Stulik, J. Diverse localization and protein binding abilities of glyceraldehyde-3-phosphate dehydro-
genase in pathogenic bacteria: The key to its multifunctionality?. Front. Cell. Infect. Microbiol. 10, 89 (2020).

51. Mackie, M. et al. Preservation of the metaproteome: Variability of protein preservation in ancient dental calculus. Sci. Technol.
Archaeol. Res. 3, 74-86 (2017).

52. Velsko, I. M. et al. Microbial differences between dental plaque and historic dental calculus are related to oral biofilm maturation
stage. Microbiome 7, 102 (2019).

53. Socransky, S. S. & Haffajee, A. D. Periodontal microbial ecology. Periodontology 2000(38), 135-187 (2005).

54. Lieverse, A. R. Diet and the aetiology of dental calculus. Int. J. Osteoarchaeol. 9, 219-232 (1999).

55. Miyake, M., Iwasaki, A., Saito, H., Ohbayashi, Y. & Nagahata, S. A case of a giant dental calculus suspected to be a neoplastic lesion.
Jpn. J. Oral Maxillofac. Surg. 50, 442-445 (2004).

56. Iwama, R. et al. A case of giant dental calculus in a patient with centronuclear myopathy. Spec. Care Dent. 43. 481-485 (2022).

57. Gupta, V. K, Paul, S. & Dutta, C. Geography, ethnicity or subsistence-specific variations in human microbiome composition and
diversity. Front. Microbiol. 8, 1162 (2017).

58. Sawafuji, R., Saso, A., Suda, W,, Hattori, M. & Ueda, S. Ancient DNA analysis of food remains in human dental calculus from the
Edo period, Japan. PLoS One 15, €0226654 (2020).

59. Fagernis, Z. et al. Understanding the microbial biogeography of ancient human dentitions to guide study design and interpreta-
tion. FEMS Microbes 3, xtac006 (2022).

60. Hughes, C. S. et al. Single-pot, solid-phase-enhanced sample preparation for proteomics experiments. Nat. Protoc. 14, 68-85
(2019).

61. Palmer, K. S. et al. Comparing the use of magnetic beads with ultrafiltration for ancient dental calculus proteomics. J. Proteome
Res. 20, 1689-1704 (2021).

62. Sawafuji, R. ef al. Proteomic profiling of archaeological human bone. R Soc. Open Sci. 4, 161004 (2017).

63. Nunoura, T. et al. A primordial and reversible TCA cycle in a facultatively chemolithoautotrophic thermophile. Science 359,
559-563 (2018).

64. Ogura, K. et al. Potential biomarker proteins for aspiration pneumonia detected by shotgun proteomics using buccal mucosa
samples: A cross-sectional case-control study. Clin. Proteom. 20, 9 (2023).

65. Tyanova, S., Temu, T. & Cox, J. The MaxQuant computational platform for mass spectrometry-based shotgun proteomics. Nat.
Protoc. 11, 2301-2319 (2016).

66. Chen, T. et al. The Human Oral Microbiome Database: A web accessible resource for investigating oral microbe taxonomic and
genomic information. Database 2010, baq013 (2010).

67. Tsutaya, T., Gakuhari, T., Asahara, A. & Yoneda, M. Isotopic comparison of gelatin extracted from bone powder with that from
bone chunk and development of a framework for comparison of different extraction methods. J. Archaeol. Sci. Rep. 11, 99-105
(2017).

68. Heaton, T.]. et al. Marine20—The marine radiocarbon age calibration curve (0-55,000 cal BP). Radiocarbon 62, 779-820 (2020).

69. Reimer, P.J. et al. The IntCal20 northern hemisphere radiocarbon age calibration curve (0-55 cal kBP). Radiocarbon 62, 725-757
(2020).

70. Yoneda, M. et al. Radiocarbon marine reservoir ages in the western Pacific estimated by pre-bomb molluscan shells. Nucl. Instrum.
Methods Phys. Res. B 259, 432-437 (2007).

71. Ramsey, C. B. Radiocarbon calibration and analysis of stratigraphy: The OxCal Program. Radiocarbon 37, 425-430 (1995).

72. Perez-Riverol, Y. et al. The PRIDE database resources in 2022: A hub for mass spectrometry-based proteomics evidences. Nucleic
Acids Res. 50, D543-D552 (2022).

Scientific Reports | (2024) 14:5938 | https://doi.org/10.1038/s41598-024-55779-y nature portfolio



www.nature.com/scientificreports/

Acknowledgements

This study was supported in part by Grants-in-Aid for Scientific Research (KAKEN: 16H06408, 19K01134,
19K06868, 20H01370, 20H05821, 20KK0166, 21H00588, 22KK0170, 23H00032) from Japan Society for the
Promotion of Science. The authors thank Ken Takai for providing supports to this study.

Author contributions
Conceptualization: Y.U.-F, R.S., T.T,; Investigation: Y.U.-E, S.S., R.S., T.N., M.Y,, T.T.; Resources: I.H., H.M.;
Writing—Original Draft: Y.U.-E, T.T,; Visualization: Y.U.-F,, T.T.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-55779-y.

Correspondence and requests for materials should be addressed to Y.U.-F. or T.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:5938 | https://doi.org/10.1038/s41598-024-55779-y nature portfolio


https://doi.org/10.1038/s41598-024-55779-y
https://doi.org/10.1038/s41598-024-55779-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Palaeoproteomic investigation of an ancient human skeleton with abnormal deposition of dental calculus
	The subject individual, HM2-HA-3
	Results
	Chronological age and diet
	Dental calculus proteome

	Discussion
	Materials and methods
	Sampling
	Proteomics
	Radiocarbon dating and stable isotope analysis

	References
	Acknowledgements


